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(57) Abstract 

An amplifier, paiticularly a CMOS amplifier has a differential input (1.2) which is fed to six differential pairs (P1/P2. P3/P4, P5/P6, 
N1/N2, N3/N4, N5/N6). The outputs of the first (P1/P2) and third (P5/P6) are combined and fed to inputs (10/1 1) of a summing network 
(9). while the outputs of the foui^ (N1/N2) and fifth (N3/N4) are combined and fed to inputs (12/13) of the network (9). The second 
(P3/P4) and sixth (N5/N6) pairs are arranged to cancel the tail currents of the fifth (N5/N6) and diird (P5/P6) paire respectively when all 
the devices arc in their active state. Thus regardless of the conrmion mode input level with respect to the supply rails the output current is 
provided by four devices giving an constant gm and slew rate. 
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DESCRIPTION 

AMPLIFIER 

The invention relates to an amplifier and in particular to an input 
structure therefor comprising first and second differential pairs of opposite 
conductivity type. 

There is an increasing need for circuit architectures that will yield good 
analogue performance in circuits operating with low supply voltages and 
particularly in CMOS circuits. Modern sub-micron processes stipulate 3.3 volts 
as the nominal supply voltage. For most amplifier structures this poses a 
problem. Conventional differential pair inputs can only operate with a common 
mode offset from one of the power supply rail voltages sufficient to allow the 
amplifying transistors and the tail current source to be in an active state. This 
implies for MOS transistors a minimum of +2 Vd^g, from one rail (V^^ for a P- 
channel input or V^g for an N-channel input). This is a severe limitation on 
systems design where signal voltages should ideally be kept large to maintain 
a good signal to noise ratio. 

One proposed solution is to use two differential pairs, one P-channel and 
one N-channel and to connect them in parallel in a signal sense. To achieve 
this the gates of the two differential pairs are simply connected to the inputs 
and a folded cascode or similar structure is used to sum the resulting output 
currents. Hence, when the common mode input signal value is low, the N- 
channel pair v^ill be turned off but a signal will be present due to the P-channel • 
pair. When the input common mode value is near V^^ the converse situation 
applies. When the input is near to y^Jl both differential pairs are delivering 
signal current to the summing circuit. Such an arrangement is described in a 
paper entitled "A compact power efficient 3V CMOS rail-to-rail input/output 
operational amplifier for VLSI cell libraries" by R. Hogen/orst, J. R. Tero. R. G. 
H. Eschauzier and J H Huijsing, published in IEEE Journal of Solid State 
Circuits, Vol. .29. No. 12, December 1994. 
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There are two drawbacks to the basic idea. First it can be seen that the 
effective small signal transconductance of the stage varies with common mode 
value of the incoming signal. At each extreme the transconductance is one 
half of that in the mid range. This is due to there being only one pair of 
devices active in the regions near each supply rail. This has an impact on the 
usability of the circuit since when used as a transconductor the proportionality 
is varying with signal value and when used as an operational amplifier there is 
now the problem that the compensation system for closed loop stability will not 
be well defined and the phase margin will be signal level dependent. 

The second problem concerns the large signal behaviour. With a large 
differential input signal there is normally a well defined maximum current from 
a normal differential pair which sets the slew rate in amplifiers and the 
response time in comparators, where a transconductor is often used to drive 
a single ended current integrator (typically just a CMOS inverter). The simple 
dual differential pair has a maximum slew rate of where I is the tail current 
of each of the differential pairs, when the common mode input is near each 
power rail since the opposing tail current source will be turned off. In the mid 
range when both differential pairs are active the maximum slew rate current is 
21. 

The arrangement proposed by Hogervorst et. al. in the paper referenced 
above attains a relatively constant g^ in the following manner. Because for 
moderate biases the g^ of a MOS transistor is proportional to the square root 
of its drain current, the loss of the total g^ when only one pair is active may 
be compensated by increasing the current in the active pair by the ratio of 4:1, 
hence doubling its g^. This is achieved by means of two control loops which 
sense the current in each pair. The switch-off point for each differential pair is 
detected by a current steering circuit, and the unused tail current is sent to a 
multiplying mirror. This then feeds an additional current of 31 to the opposing 
active pair. 

This gives a good control of the transconductance but two problems still 
remain. First the total current available for slewing is still not constant and will 
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increase by a factor of two when the input common mode signal is near the 
power supply rails. Secondly, the control system requires current to flow 
through a circuitous loop with current mirrors of inherently limited bandwidth 
which will limit the frequency of common mode signal that can be handled. 

It is an object of the invention to enable the production of an amplifier 
arrangement which may be used with low supply voltages in which the effect 
of one or more of the disadvantages set out above may be mitigated. 

The invention provides an amplifier comprising differential input means, 
a plurality of differential pairs of active devices of a first conductivity type, a 
plurality of differential pairs of active devices of a second conductivity type, 
means for connecting the differential input means to the inputs of the 
differential pairs, and means for combining the outputs of the differential 
pairs.wherein for all values of input signal the same total tail current flows 
through the same total differential pair device sizes allowing for scaling 
between devices of the first and second conductivity types. 

By ensuring that the same total tail current flows through the same 
effective differential pair sizes a substantially constant g^ and slew rate can be 
achieved over the whole input signal voltage range. It will be apparent to the 
person skilled in the art that when using MOS transistors as the active devices 
the p and n channel devices have to be scaled to obtain the same device 
parameters, i.e. the actual sizes are different but the transconductances are 
equal. 

The invention further provides an amplifier comprising first, second, and 
third differential pairs of active devices of a first conductivity type having first, 
second, and third tail currents respectively, fourth, fifth, and sixth differential 
pairs of active devices of a second conductivity type having fourth, fifth, and 
sixth tail currents respectively: v»/herein each of said differential pairs has its 
inputs coupled to the inputs of the amplifier, the outputs of the first, third, 
fourth, and fifth differential pairs are coupled to inputs of a summing network 
whose output is coupled to the output of the amplifier, the outputs of the 
second differential pair are commoned and connected to the tail of the fifth 
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differential pair, the outputs of the sixth differential pair are commoned and 
connected to the tail of the third differential pair, the tail current of the second 
differential pair is equal to that of the fifth differential pair, and the tail current 
of the third differential pair is equal to that of the sixth differential pair. 

The action of the first, third, fourth, and sixth differential pairs ensures 
that the large signal output current and the total transconductance is held 
substantially constant regardless of whether devices of both the conductivity 
types are active or whether devices of one of the conductivity types are cut off. 
This is achieved without the use of current mirrors and is achieved by means 
of a feed forward technique, thus reducing stability and bandwidth problems. 

In one implementation the active devices are p-channel and n-channel 
MOS transistors. The amplifier may be such that all the p-channel transistors 
are identical, all the n-channel devices are identical, and the devices are 
constructed so that the p-channel devices have the same nominal 
transconductance as the n-channel devices, the tail current of the third 
differential pair being equal to the tail current of the sixth differential pair and 
the tail current of the fifth differential pair being equal to the tail current of the 
second differential pair. 

Such an arrangement provides a convenient design enabling a well 
defined change in the active devices which contribute to the output current with 
changing common mode input voltage. It is possible to make the tail currents 
or transconductances of the transistor pairs non-equal depending on the total 
characteristics required. In this way the amplifier transconductance or slew 
rate characteristics can be optimised for a given application. 

The above and other features and advantages of the invention will 
become apparent from the following description, by way of example, of an 
embodiment of the invention with reference to the accompanying drawing which 
shows a circuit diagram of an amplifier according to the invention. 

As shown in the Figure the amplifier comprises three differential pairs 
of p-channel field effect transistors P1 to P6 and three differential pairs of n- 
channel transistors N1 to N6. A first input 1 is connected to the gate electrodes 
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of transistors PI, P3. P5. N1, N3 and N5. while a second input 2 is connected 
to the gate electrodes of transistors P2. P4 and P6 and N2, N4 and N6. The 
source electrodes of transistors PI and P2 are connected via a current source 
3 to a supply rail V^^, while the source electrodes of transistors P3 and P4 are 
connected through a current source 4 to the supply rail V^^,, and the source 
electrodes of transistor P5 and P6 are connected through a current source 5 
to the supply rail V^^, Similarly the source electrodes of transistors N1 and N2 
are connected to a supply rail via a current source 6, the source electrodes 
of transistors N3 and N4 are connected to the supply rail V33 via a current 
source 7, and the source electrodes of transistors N5 and N6 are connected to 
the supply rail through a current source 8. The drain electrodes of 
transistors P3 and P4 are connected to the junction of the source electrodes 
of transistors N3 and N4, while the drain electrodes of transistors N5 and N6 
are connected to the junction of the source electrodes of transistors P5 and 
P6. A summing network 9 has four inputs 10, 11, 12 and 13. The drain 
electrodes of transistors P2 and P6 are connected to the input 10, the drain 
electrodes of transistors P1 and P5 are connected to the input 11, The drain 
electrodes of transistors N1 and N3 are connected to the input 12, and the 
drain electrodes of transistors N2 and N4 are connected to input 13. The 
output of the summing network 9 is connected to an output 14 of the amplifier. 
The current sources 3 to 8 each pass the current I. 

All the n-channel transistors are of equal size as are all the p-channel 
transistors The width and length of the n and p-channel devices are scaled 
to obtain the same g^ at the same current. 

In the middle region of the common mode input where both the n and p- 
channel devices contribute to the output, the output of transistors N1 and N2 
are summed in the summing network 9 with the output of transistors P1 and 
P2. The tail current of transistors N3 and N4, which are connected in parallel 
with transistors N1 and N2, is sourced from the transistors P3 and P4. Thus 
transistors N3 and N4 will not contribute to the output since there is no tail 
current passing through them. Similarly in parallel with the transistors PI and 



wo 97/06595 



PCT/IB96/00751 



6 

P2 are transistors P5 and P6. However, the tail current from transistors P5 and 
P6 is conducted by the transistors N5 and N6 turning off the transistors P5 and 
P6. Consequently only transistors PI. P2 .N1 and N2 contribute to the outputs 
with tail currents I in each pair and the total tail current summed is 2 x I. 

If now the input common mode level is close to the V^^ transistors PI, 
P2. P3 and P4 will be turned off as well as transistors P5 and P6. As a result 
the tail current sources associated with transistors P1, P2. P3 and PA will 
collapse and so there will be no diversion of the tail current from transistors N3 
and N4 and these will now contribute to the output. The current source 
associated with transistors P5 and P6 is not off and still sources the current 
through transistors N5 and N6. The total output is thus due to transistors N1 
and N2. and N3 and N4 each pair operating with a tail current I. 

Finally the situation where the common mode input signal is near to V33 
transistors N1 to N6 will now be off and the current sources feeding transistors 
N1, N2, N5, and N6 will collapse. Hence there is no diversion of current away 
from transistors P5 and P6 which will now contribute to the output. The current 
source associated with transistors N3 and N4 remains active so the total output 
is due to transistor pairs P1 and P2 and P5 and P6, each operating with the tail 
current I. 

Thus, to summarise when the input voltage is close to the supply rail V^^ 
two transistor pairs, that is transistors N1 and N2, and N3 and N4 produce the 
output, each pair having a tail current I. When the input signal is near to the 
supply rail V^, two transistor pairs P1 and P2, and P5 and P6 contribute to the 
output each pair having the tail current L When the input signal is intermediate 
the two supply rails V^,^ and V^^ two pairs again contribute to the output this 
time being transistors N1 and N2 and transistors P1 and P2. Thus at all times 
the same number of transistors each having the same nominal 
transconductance and bearing the same tail currents contribute to the output. 
As a result the amplifier has a substantially constant g^ and slew rate. 

The summing network can be of any convenient form. An appropriate 
network is a composite folding and current mirror arrangement as shown in the 
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paper by Hogervorst et. al. referred to in the introduction. 

The current sources 6 and 7 may be combined into a single current 
source having a current 21. Similarly the current sources 3 and 5 may be 
combined into a single current source. This is particularly so when MOS field 
effect transistors are used as the amplifying devices as shown in this 
embodiment. It is not essential that all the current sources 3 to 8 pass the 
same current I. One possibility would be for sources 3, 4, and 5 to pass the 
current 21 and sources 1, 2, and 6 to pass the current I. In that case the total 
tail current contributing to the output would remain at 31. 

Although the embodiment described uses P-channel and N-channel 
MOS field effect transistors any pairs of complimentary active devices could be 
used. For example MESFETs or Bipolar transistors. In the latter case it would 
be preferable to use the separate current sources as shown in the embodiment 
to avoid current hogging when the current source transistors are pushed into 
saturation. 

From reading the present disclosure, other modifications will be apparent 
to persons skilled in the art. Such modifications may involve other features 
which are already known in the design and use of electrical or electronic 
circuits and component parts thereof and which may be used instead of or in 
addition to features already described herein. Although claims have been 
formulated in this application to particular combinations of features, it should 
be understood that the scope of the disclosure of the present application also 
includes any novel feature or any novel combination of features disclosed 
herein either explicitly or implicitly or any generalisation of one or more of those 
features which would be obvious to persons skilled in the art, whether or not 
it relates to the same invention as presently claimed in any claim and whether 
or not it mitigates any or all of the same technical problems as does the 
present invention. The applicants hereby give notice that new claims may be 
formulated to such features and/or combinations of such features during the 
prosecution of the present application or of any further application derived 
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CLAIMS 

1. An amplifier comprising differential input means, a plurality of 
differential pairs of active devices of a first conductivity type, a plurality of 
differential pairs of active devices a second conductivity type, means for 
connecting the differential input means to the inputs of the differential pairs, and 
means for combining the output of the differential pairs; wherein for all values 
of input signal the same total tail current flows through the same total 
differential pair device sizes allowing for scaling between devices of the first 
and second conductivity types. 

2. A differential amplifier comprising differential inport means, first, 
second, and third differential pairs of active devices of a first conductivity type 
having first, second, and third tail currents respectively, fourth, fifth, and sixth 
differential pairs of active devices of a second conductivity type having fourth, 
fifth, and sixth tail currents respectively: wherein each of said differential pairs 
has its inputs coupled to the inputs of the amplifier, the outputs of the first, 
third, fourth, and fifth differential pairs are coupled to inputs of a summing 
network whose output is coupled to the output of the amplifier, the outputs of 
the second differential pair are commoned and connected to the tail of the fifth 
differential pair, the outputs of the sixth differential pair are commoned and 
connected to the tail of the third differential pair, the tail current of the second 
differential pair is equal to that of the fifth differential pair, and the tail current 
of the third differential pair is equal to that of the sixth differential pair. 

3. A differential amplifier as claimed in Claim 2 in which all the tail 
currents are equal, all the devices of the first conductivity type are identical, all 
the devices of the second conductivity type are equal, and the 
transconductances of the devices of the first conductivity type are equal to the 
transconductances of the devices of the second conductivity type. 
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4. An amplifier as claimed in any preceding claim in which the active 
devices of the first conductivity type are p-channel MOS transistors and the 
active devices of the second conductivity type are n-channel MOS transistors. 

5. An amplifier as claimed in Claim 4 in which all the p-channel 
transistors are identical, all the n-channel transistors are identical, and the 
devices are constructed so that the p-channel devices have the same nominal 
transconductance as the n-channel devices, the tail current of the third 
differential pairs being equal to half the combined tail current of the first and 
fifth differential pairs and the tail current of the fourth differential pair being 
equal to half the combined tail current of the second and sixth differential pairs. 

6. A differential amplifier as claimed in Claim 1 comprising first, 
second, and third differential pairs of active devices of a first conductivity type 
having first, second, and third tail currents respectively, fourth, fifth, and sixth 
differential pairs of active devices of a second conductivity type having fourth, 
fifth, and sixth tail currents respectively: wherein each of said differential pairs 
has its inputs coupled to the inputs of the amplifier, the outputs of the first, 
third, fourth, and fifth differential pairs are coupled to inputs of a summing 
network whose output is coupled to the output of the amplifier, the outputs of 
the second differential pair are commoned and connected to the tail of the fifth 
differential pair, the outputs of the sixth differential pair are commoned and 
connected to the tail of the third differential pair, the tail current of the second 
differential pair is equal to that of the fifth differential pair, and the tail current 
of the third differential pair is equal to that of the sixth differential pair. 

7. An amplifier substantially as described herein with reference to the 
accompanying drawings. 

8. " Any novel feature as novel combination of features disclosed 



wo 97/06595 



PCT/1B96/00751 



11 

herein either explicitly or implicitly whether or not it relates to the same 
invention as that claimed in any preceding claim. 
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